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Abstract
This work explored several synthesis routes to obtain calcium silicates from diferent calcium-rich and silica-
rich industrial residues. Larnite, wollastonite and calcium silicate chloride were successfully synthesised with
moderate  heat  treatments  below  standard  temperatures.  These  procedures  help  to  not  only  conserve
natural resources, but also to reduce the energy requirements and CO2 emissions. In additon, these silicates
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have  been  successfully  tested  as  carbon  dioxide  sequesters,  to  enhance  the  viability  of  CO2 mineral
sequestraton technologies using calcium-rich industrial by-products as sequestraton agents. Two diferent
carbon sequestraton experiments were performed under ambient conditons. Statc experiments revealed
carbonaton  efciencies  close  to  100%  and  real-tme  resolved  experiments  characterised  the  dynamic
behaviour and ability of these samples to reduce the CO2 concentraton within a mixture of gases. The CO2
concentraton  was  reduced  up  to  70%,  with  a  carbon  fxaton  dynamic  rato  of  3.2  mg  CO 2 per  g  of
sequestraton agent and minute.  Our results confrm the suitability of the proposed synthesis routes to
synthesise  diferent  calcium  silicates  recycling  industrial  residues, being  therefore  energetcally  more
efcient and environmentally friendly procedures for the cement industry. 
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Introducton
The CO2 concentraton in the atmosphere is steadily increasing due to the growing use of fossil fuel energy
as  a  consequence of,  amongst  other  factors,  technological  and industrial  developments  and populaton
growth. At the same tme, there is also an increasing necessity for the control of the emissions of CO 2 and
other Green House Gases (GHG) with the aim of stabilising their concentraton in the atmosphere. With this
goal in mind, in order to  mitgate climate change, it is necessary to decouple the economic and industrial
development  and  the  emission  of  GHG  (Renforth  et  al.  2009,  Bahor  et  al.  2009).  To  accomplish  such
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objectves, improving the producton processes and energetc efciency, reducing the gas emissions and re-
cycling residues are required.
To address these issues, some industrial residues are being considered to drain CO 2 out of the atmosphere.
An approach to this mater must consider jointly, as in this work, the management of the by-products and
their  role  as  a  CO2 sink  (López-Delgado  &  Tayibi  2012).  Considering  the  carbon  capture  and  storage
technologies (Power et al. 2013), the reactvity of some industrial by-products with CO2 can be considered
for  ex situ mineral sequestraton (Sipila et al.  2008). This technique allows the removal of CO2 not only
coming from power plants or other localised industrial sources, but also from transport means and past CO 2
emissions (Morales-Flórez et al. 2011). The greatest advantage of mineral sequestraton is that the GHG is
converted into innocuous, stable and environmentally benign carbonate mineral, indefnitely. Its weakest
points are the low speed of the reacton and the costs of the process (Sipila et al. 2008, Huijgen et al. 2007).
In this  sense,  the high potental  of  industrial  alkalinity  sources (Kirchofer et al.  2013) will  contribute  to
reducing the costs  as well  as  avoiding the ecological  impacts  of  mineral  extracton on a  massive scale.
Amongst the appropriate industrial by-products for the capture and sequestraton of CO2, some interestng
proposals are cementtus materials  (Galan et al.  2010),  municipal  solid waste  incinerator botom ashes
(Rendek et al. 2006), steel slag (Huijgen et al. 2006), paper mill waste (Pérez-López et al. 2008), oil-shale
wastes (Uibu et al. 2009) and phosphogypsum wastes (Cárdenas et al., 2011). 
One  of  the  sectors  where  carbon  mineral  sequestraton  may  be  useful  and  widely  applied  is  cement
producton, which is one of the industries with the highest levels of GHG emissions, accountng for 8% of the
total  world  CO2 emissions  (Davidovits  1994).  The  main  challenge  would  be  to  achieve  economically
sustainable development and, at the same tme, reduce the greenhouse gases emited. To achieve these
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two goals simultaneously, the synthesis of calcium silicates may play an important role in the economic
viability and process optmisaton. Calcium silicate synthesis has been, and stll is, the object of exhaustve
studies  (Taylor  1990,  Zhang  et  al.  2013),  since  these  materials  are  the  major  components  in  cement
manufacturing, and can also be used as CO2 sequester agents (Renforth et al. 2011, Santos et al. 2009).
The usual method used for cement producton is based on solid-state reactons, carried out at temperatures
around 1500°C. Also, for the synthesis of the components, dicalcium silicate, solid-state chemical reactons
(Fukuda et al. 1992), sol-gel technique (Santos et al. 2009) and hydrothermal synthesis (Georgescu et al.
2000) have mainly been used. Each methodology has its own characteristcs, but all share a protocol that
involves  reagent  mixtures,  milling,  tme and heat-treatments  (about  1000°C).  This  temperature  may be
lower (600-1000°C) when other variables are involved, for example, textural characteristcs of the startng
materials  (Santos  et  al.  2009),  subsequent  heat  treatment  afer  the  synthesis  of  intermediate  silicates
(Rodrigues  &  Monteiro  1999),  or  replacement  of  the  hydrothermal  process  by  ultrasonic  treatment
(Mahfouz  et  al.  2008).  In  additon  to  temperature,  diferent  Ca and Si  sources  have been  studied,  for
example, acetate, nitrates and calcined limestone (Chrysaf et al. 2007, Singh 2006, Rodríguez-Paéz et al.
2005) as the calcium source, or industrial by-products such as rice husk (Rodrigues 2003, Romano et al.
2006) as the silica source. 
The present study proposes recycling industrial  by-products  as  Ca and Si  sources  to  synthesise calcium
silicates;  in  most of  the cases,  larnite was obtained. Subsequently,  these synthetc silicates  will  also be
considered CO2 sequesters.
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Materials and methods
Two diferent calcium sources were considered. Firstly, a portlandite-rich residue produced as a wet paste in
the acetylene industry (Morales-Flórez et al. 2011) was used. This residue is a calcium-hydroxide-rich slurry
in a solid:water weight rato of 1:3. The compositon of the solid phase of this slurry has been studied before
and the purity of the portlandite was estmated to be 97%. Secondly, we used pure calcium chloride (Fluka
≥95%). Calcium chloride is a by-product of the Solvay process for the manufacture of sodium carbonate,
which could eventually also be obtained as a solid waste of the chlor-alkali industry (Muñoz & Navia 2011). 
Two diferent silica sources were also considered: rice husk ash (RH) from the rice industry (Rodrigues 2003)
(Herba Ricemills, Spain) and raw silica powder (NetEase, China, ≥99%). Chemical analysis of the rice husk ash
yielded a silica content of 92 wt.%, with CaO being the major impurity, with a presence of 1.5 wt.%. The raw
silica powder consisted of silica fume, a very fne powder with a measured partcle size between 20 μm and
106 μm, generated during silicon metal  producton (Siddique & Khan 2011), which has historically been
considered a waste product.  Other industrial by-products,  such as calcium-rich solutons from municipal
water  supplies  or  diatomaceous  earths  (kindly  supplied  by  EMASESA-Sevilla  and  Heineken  Spain,
respectvely), and reactves such as sodium silicate,  Ludox or calcium nitrate, were tested without beter
results.
Synthesis routes
The frst aim of this research was to propose routes for the synthesis of calcium silicates based on the
recycling of industrial residues. The minimum energy consumpton has always kept in mind the need to
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enhance the efciency and the technological viability of the proposed routes. Thus, special atenton was
paid to minimise the impact of the thermal treatment as this is the most energy-consuming step. Diferent
temperatures and tmes were considered, but only those with the best results are shown. The heatng ramp
rate was always set to 60°C/min. 
Sample SiP. In this case, 1.58 g of silica powder was mixed manually with 3.70 g of dried portlandite powder
in an agate mortar. The portlandite slurry was previously heated at 100°C to obtain the dry portlandite
powder. Then, the mixture was milled in a planetary mill at 400 rpm for 20 min. Afer the milling process,
the homogenised powder was submited to a lower energy two-step heat treatment of 800°C for 1h and
600°C for 1h.
Sample RHP. The sample was prepared using 0.98 g of rice husk ash as the silica source and 2.30 g of dried
portlandite paste. Previously, the rice husk ash was milled in a planetary mill at 400 rpm for 5 min obtaining
a partcle size between 106 μm and 202 μm. Then, the precursors were mixed in an agate mortar and heat-
treated at 800°C for 1 h and 600°C for 1 h.
Sample  RHCl.  This was prepared using 0.98 g of rice husk ash and 3.33 g of CaCl 2. Both precursors were
mixed in an agate mortar and homogenised in the planetary mill at 400 rpm for 5 min. Finally, the powders
were heat treated at 800°C for 1 h and 600°C for 1 h.
Carbonaton experiments
The second aim of this  work was to test the efciency of  the synthetc calcium-rich compounds as CO2
sequestraton  agents.  In  this  regard,  the  energy  consumpton  during  the  synthesis  process  was  a  key
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parameter to be minimised, in order to reduce the carbon footprint of the complete carbon sequestraton
process, and to maximise the viability of this technology.
The frst carbonaton experimental set-up assessed the carbonaton capacity and efciency of the calcium
silicates: 2 g of the sample was dispersed in 40 mL of high-purity water under magnetc strring in a reactor.
Then, a CO2 fux (1 bar, 20 cm3/s) was bubbled through the suspension for 15 min under room pressure and
temperature. Aferwards, the sample was lef to rest overnight in the CO 2-rich water. The resultng solid
phase was separated by centrifugaton and dried in air at 80°C, and the supernatant discarded. 
The contnuous CO2 mineral sequestraton was performed in semi-batch experiments in 1 L of high-purity
water with the sequestraton agent: frstly, 200 mL of the portlandite-rich slurry was used as a reference of
maximum capturing conditons. Next, experiments were performed with 17.2 g of sample RHCl, a synthetc
calcium silicate sequestraton agent. The frst sample is an industrial by-product that is easily available in
large amounts, but the second one was synthesised in our laboratory. For easy comparison, in the second
case,  a  net  amount of  total  calcium content  one order  of  magnitude lower  than in the frst  case  was
considered. In both cases, a mixture of CO2 and air (mass-fow controllers Porter μF) (20.8% CO2 and 79.2%
air) was imposed through the reactor. The gas mixture was supplied contnuously to the reactor inlet (fux:
1000 cm3/min,  2 bar).  The outlet  of  the reactor was connected to  a contnuous CO2 gas analyser (ABB
EasyLine EL3020), where the concentraton of CO2 in the outlet was monitored in real-tme with a resoluton
of 1 min. Experiments typically took between 20 min and 1 h.
The experiments started by saturatng high-purity water with CO2 prior to adding the sequestraton agent.
The inital  saturaton state was achieved when the concentraton of  CO2 measured in the outlet stayed
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steady, as established in the inlet gas by the mass fow controllers. Then, the sequestraton agent was added
to the reactor and the CO2 concentraton in the outlet was monitored untl the inital value was obtained
again. At this point, the sequestraton process was considered to be fnished. Inert samples were used to
check the reliability of the set-up. No strring was considered other than the vigorous gas bubbling at the
botom of the reactor. 
The experimental  methods and materials  explained in this  secton and the main goals of  this  work are
summarised in Figure 1.
Figure 1. Experimental processes and goals of this work.
Characterisaton methods
Chemical characterisaton was performed by X-ray fuorescence (XRF; AXIOS Panalytcal) for major elements.
The crystalline phases of the samples were identfed by X-ray difracton (XRD) in a difractometer (Philips
X'Pert) with Cu-Kα radiaton, from 5.00o to 70.00o with a step of 0.05o and a countng tme of 80 s. The
morphology and structure of the samples were characterised by N2 physisorpton (Micromeritcs ASAP2010)
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and scanning electron microscopy (SEM; SEM-FEG Hitachi S480). Physisorpton experiments were performed
at a constant temperature of 77.35 K. Specifc surface area and pore size distributon (PSD) were obtained by
analysing the physisorpton isotherm using the BET and BJH methods, respectvely.
The carbonaton of  the samples  was studied by XRD and thermogravimetric  analyses  (TGA;  STD Q600)
carried  out  under  an  N2 fux  of  100.0  mL/min,  startng  from  ambient  temperature  and  increasing  by
10°C/min up to 1000°C. The carbonaton efciency of the samples was estmated by comparing the weight
loss observed due to the decarbonaton from 450°C to 700°C, and the maximum theoretcal weight loss in
the case of total carbonaton, regarding the CaO content estmated by XRF.
Results and discussion
Synthesis of calcium silicates
The results of the XRF analyses are summarised in Table 1. Firstly, the obtained calcium-to-silica ratos, Ca/Si,
were 1.8 for SiP, 1.7 for RHP and 1.6 for RHCl, which were quite close to the expected values regarding the
experimental synthesis procedures. In all cases, the Ca/Si rato values fell between unity and 2, suggestng
that mixtures of monosilicates and disilicates may have been synthesised. Major impurites of SiP and RHP
samples were MgO (0.04% wt.) and NaO (3.18% wt.), and will be neglected from this point on.
Regarding RHCl sample, the calcium-to-chlorine rato, Ca/Cl, was 0.5 in the precursors and close to 1 in the
sample. Therefore, one half of the chlorine remained in the fnal synthesised sample whereas the other half
was expelled during heat treatment; for this reason this treatment should be performed under controlled
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conditons. Finally,  there  was  an  important  loss  of  igniton due  to  dehydraton of  the hygroscopic  and
hydrated components, and the probable presence of small amounts of non-reacted precursors. 
Thus, considering the XRF results, SiP would be a priori more efcient than RHP and RHCl samples, as the
higher the calcium content is, the beter the performance of CO2 sequestraton as it allows more CO2 to be
fxed for a given mass of sequestraton agent. 
In additon, the difracton diagrams are ploted in Fig. 2 and the identfed phases are also listed in Table 1.
The resoluton and sharpness of the peaks in the difracton paterns are indicatve of the crystalline degree
of  the  sample.  In  this  study,  where  moderate  temperature  heat  treatments  were  used,  signifcant
background and broad peaks are present in all of the samples, indicatng incomplete crystallisaton. 
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Figure 2. XRD patterns for the synthesised samples. The major identified phases are: larnite-beta, Ca 2SiO4 (01-083-
0461);  larnite-alpha (00-020-0237);  wollastonite-1A, CaSiO3 (01-084-0654);  calcium silicate chloride (Ca2SiO3Cl2)  (00-
043-0086); and tobermorite (C-S-H) (01-089-6458). 
For the three diferent synthesis routes, the presence of diferent calcium silicates can be confrmed. The SiP
sample shows an exclusive dicalcium silicate compositon (- and -larnite), as expected by the measured
calcium-to-silica rato. Therefore, this synthesis route shows a good performance for larnite producton. The
analysis  of  RHP  shows  the  presence  of  two  diferent  calcium  silicates  (Fig.  2):  larnite,  as  the  major
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component,  and wollastonite.  These results  prove that  these industrial  residues  can be  considered  for
calcium silicate producton with moderate energy consumpton. In additon, environmental benefts will also
involve avoiding mineral extracton on a massive scale.
Finally, the RHCl sample showed the presence of three diferent calcium silicates; -Larnite and tobermorite
can be identfed, but the presence of  -calcium silicate chloride (<40%) is the most remarkable feature.
Other calcium-silico-chlorides have been reported in the literature (Pöllman 2002, Kurdowski & Miskiewicz
1985). The common features for all of these reported synthesis procedures are the presence of the three
important elements, Ca, Si and Cl, from three diferent precursors and heat treatment between 800 °C and
900°C. However, our RHCl sample stands out due to the absence of CaO in the startng system and the
presence only of the SiO2-CaCl2 system. To our knowledge, the synthesis of -calcium silicate chloride based
on the SiO2-CaCl2 system has not been previously reported in the literature.
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Sample Chemical composition (XRF)(wt. %)
Microstructure
(N2-Physisorption)
Identified phases (XRD)
Original samples                         Carbonated samples
Carbonation 
efficiency
(TGA + XRF)
SiP
CaO = 52.37
SiO2 =  30.81
MgO = 0.04
LOI = 13.68
Ca/Si molar ratio = 1.82
SBET= 6.6 m2/g
Vp=  26.1 mm3/g
Rp = 24.7 nm
Larnite
Calcite 
+
Vaterite
+
Larnite
89% 
RHP
CaO = 46.99
SiO2 = 29.92
NaO = 3.18
LOI = 16.46
Ca/Si molar ratio = 1.68
SBET= 10.4 m2/g
Vp=  83.2 mm3/g
Rp=21.0 nm
Wollastonite
+
Larnite
Calcite
+
Wollastonite
48%
RHCl
CaO = 25.95
SiO2 = 17.50
Cl = 17.23
LOI = 37.37
Ca/Si molar ratio = 1.59
Ca/Cl molar ratio = 0.95
SBET= 2.3 m2/g
Vp=  15.1 mm3/g
Rp= 23.1 nm
Larnite
+
Calcium silicate chloride
+ 
Tobermorite
Calcite
+ 
Vaterite
+
Calcium silicate 
chloride
95%
Table 1. Summary of characterisation results. LOI: Loss of ignition. SBET, specific surface area; Vp, specific pore volume;
Rp, typical pore radius. Larnite, Ca2SiO4; wollastonite, CaSiO3; calcium silicate chloride, Ca2SiO3Cl2; tobermorite, C-S-H
(calcium-silicate-hydrate);  calcite  and  vaterite,  CaCO3.  Carbonation  efficiencies  obtained  upon  static  carbonation
experiments and estimated by TGA and XRF.
On the one hand, this chlorine content could be an important drawback for an industrial realisaton of the
RHCl synthesis process and should be controlled. On the other hand, it is well known that certain calcium
chlorine contents are being considered in the cement industry and its role, advantages and disadvantages
are under discussion (Taylor 1990, Bensted 2002).
Other important variables revealed throughout the synthesis process include temperature; thus, the two-
step heat treatment has become an interestng strategy to save energy during silicate producton. As a
general rule, it was observed that an inital heat treatment at 800°C has to be applied in order to observe a
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calcium silicate phase (by a roughly defned difracton patern). Other heat treatments with lower energy
consumpton,  below  800°C  or  suppressing  the  second  step  at  600°C  were  tested  without  success  (not
shown), suggestng a necessary inital actvaton thermal treatment at 800°C for 1 h at least, although the
temperature  can  be  subsequently  lowered  to  600°C  for  1  h  to  fnish  the  minimum  silicate  synthesis
processes. 
The experiments of N2 physisorpton have resolved several features of the submicrometric structure of the
samples (Table 1). The three samples present quite similar values of specifc surface area, ranging from 2.3
m2/g to 10.4 m2/g, and similar typical pore radii, of c.a. 23 nm, have been reported, which also suggest a
small typical partcle size. This signifcant submicrostructure will enhance the reactvity of the samples for
diferent technological applicatons such as carbon mineral sequestraton (Gupta & Fan 2002).
In partcular,  SiP and RHP samples presented the highest  values  of  the specifc surface areas,  where a
portlandite-rich precursor (nanometric needles 15 nm x 200 nm, SBET= 47.5 m2/g afer ref.  3)  was used,
whereas in the RHCl sample, the structure values were signifcantly reduced. On the other hand, the rice
husk ash presented a high specifc surface area of 91.15 m2/g, which was higher than others that have been
previously reported (Rodrigues & Monteiro 1999, Pimraksa 2010), enabling the RHP sample to present the
highest values of specifc surface area. In additon, lower milling tmes were needed for samples synthesised
from calcined rice husk, probably because of the higher specifc surface area. Finally, the high pore volume
of RHP of 83.2 mm3/g indicates a broad morphology and spatal distributon of the calcium silicate crystals.  
Scanning electron microscopy complements the descripton of the morphology of the samples (Fig. 3). In all
cases,  a granulated phase appeared,  corresponding with the previously reported sub-spherical grains of
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larnite (Chrysaf et al. 2007), which is especially relevant in SiP (identfed by XRD results). The structural
submicrometric features can be easily seen in all samples, with the typical partcle size of RHP being smaller
than that of others and their spatal arrangement broader, in accordance with the N2 physisorpton results
(Table 1). In this sample, additonal textures can be observed, corresponding to curved nanometric stcks of
30 x 200 nm, similar  to acicular  textures already observed for wollastonite (Santos et al.  2007).  Finally,
calcium silicate chloride submicrometric piled stcks and prismatc or tabular morphologies were observed in
RHCl (Pöllman 2002). 
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Figure 3. SEM micrographs of SiP (top), RHP (middle) and RHCl (bottom).
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CO2 sequestraton experiments
The synthesised calcium silicate samples were tested as carbon sequestraton agents following the carbon-
capture  statc  procedure.  The  XRD  paterns  of  the  carbonated  samples  ploted  in  Fig.  4  reveal  the
precipitaton of calcium carbonate in all of the samples, confrming the ability of these synthetc calcium
silicates to fx CO2.  In SiP(c) and RHCl(c) (superscript (c) stands for carbonated ones), the almost exclusive
presence of calcium carbonate indicates good carbonaton efciency. Non-labelled minor peaks in Fig. 4
correspond to  vaterite  or  residual  original  phases.  However,  well-defned peaks  of  the original  calcium
silicate are present in RHP(c), indicatng lower carbonaton efciency. 
Similarly to previous studies (Santos et al. 2007, Santos et al. 2009), this general carbonaton behaviour was
confrmed by the TGA experiments. Comparatve pairs of curves for as-synthesised and carbonated samples
are ploted in Fig. 5. Sample SiP(c) presented a 26% weight loss in the range 450–750°C, corresponding to
carbonaton efciencies close to 89%, considering the CaO content of the original sample (Table 1). The
estmated results of the carbon efciency for each sample are listed in Table 1. Sample RHP (c) showed a low
weight loss due to CO2 release of 13%, corresponding to a carbon capture efciency of 48%. This result is in
good agreement with the presence of remaining wollastonite (Fig. 4).
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Figure 4. XRD patterns of carbonated samples. Superscript (c) stands for carbonated samples. Identified phases: calcite,
CaCO3 (01-086-0174) and wollastonite, CaSiO3 (01-076-0186).
Regarding  the sample  RHCl(c),  the  TGA showed  a  weight  loss  due to  decarbonaton of  20%.  This  value
corresponds to the highest obtained carbonaton efciency of 95%. It is considered that the chlorine of the
original  phases has been transferred to the dissoluton as the identfed carbonated phases (calcite  and
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vaterite) have no chlorine in their structure. Therefore, for the estmaton of carbonaton efciency, the
subtracton of the chlorine contributon in the total mass of the carbonaton sample was considered. Thus,
sample RHCl presents a reasonably good fxaton power of 25% (similar to sample SiP), estmated as the rato
between the CO2 captured per gram of sequestraton agent, especially if compared with other wastes which
have been proposed as CO2 sequestraton agents, such as steel slag (10-21%), municipal solid waste botom-
ash (2.3%), carbon fy ash (2.6%) or even paper mill waste (21.8%).
In summary, the synthesised sample RHCl, mainly larnite and calcium silicate chloride, turns out to be an
efcient  carbon  sequestraton  agent.  Moreover,  it  is  worth  notng  that  RHCl  has  been  synthesised
considering that neither rice husk ash nor CaCl2 can be considered CO2 sinks.  For this reason, RHCl was
selected for the subsequent experiments of real-tme CO2 carbonaton.
Figure 5. TGA analyses of original and carbonated samples. Superscript (c) stands for carbonated samples.
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Real-tme resolvied sequestraton  experiments.  The frst  experiment  was performed with  200 mL of  the
portlandite-rich  slurry  as  the  sequestraton  agent  (0.8  mol  CaO  in  the  reactor).  Real-tme  data  of  CO 2
concentraton in the outlet versus tme are ploted in Fig.  6.  A relatvely long sequestraton period was
observed,  since  CO2 concentraton  was  diminished  due  to  sequestraton  for  more  than  45  min.  This
experiment was carried out without any mechanical or magnetc strring, apart from the simple vigorous
bubbling, as a simulaton of a simple industrial embodiment. The minimum CO2 concentraton in the outlet
was 5.9% afer 20 min of reacton (a reducton higher than 70%). The total amount of captured CO2 was 16 g,
thus only 20% of the total capture power was used. Nevertheless, in this extremely simple experiment, 0.28
g of sequestered CO2 per g of portlandite (0.07 g of sequestered CO2 per g of sequestraton agent) was
obtained. Finally, considering the experiment duraton, 1.5 mg of CO2 was captured per g of sequestraton
agent and minute. All of these data are summarised in Table 2. 
Sequester agent 232 g portlandite slurry 17.2 g RHCl
Active agent 0.8 mol CaO 0.08 mol CaO
Total sequestered CO2 16 g 1.12 g
Total sequestration time 45 min 20 min
Maximum reduction of the CO2 emissions 70 % at 20 min 33 % at 8 min
Efficiency (used carbonation power) 20 % 14 %
Sequestered CO2/sequester mass ratio 0.07 g CO2/g slurry 0.07 g CO2/g RHCl
Sequestered CO2/sequester mass and time ratio 1.5 mg CO2/ g slurry · min 3.2 mg CO2/ g RHCl · min
Table 2. Summary of real-time carbonation results. Reduction of the CO2 emissions in the outlet gas mixture is calculated
regarding the initial CO2 concentration (20.8 %). 
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The second sample used in real-tme capture experiments was RHCl. In this experiment, an amount of net
calcium content of one order of magnitude lower was considered (0.08 mol CaO in the reactor). Hence, 17.2
g of RHCl was poured into 1 L of water, following which the mixture of CO 2-air was injected. The real-tme
data of CO2 concentraton in the outlet are also ploted in Fig. 6. In this case, the sequestraton process was
saturated at 20 min, and 1.12 g of CO2 was captured, corresponding to 15% of the total carbonaton capture
power.
Figure  6. CO2 concentration  during  sequestration  experiments  for  portlandite-rich  slurry  and  synthetic
calcium silicate RHCl. 
The minimum achieved concentraton of CO2 was 14% at 8 min, which was a reducton of 33% of the CO2
concentraton  in  the  outlet.  Normalised  numbers  show  that  0.07  g  of  CO2 was  captured  per  g  of
sequestraton agent, which was similar to the rato reported for the portlandite-rich slurry. Finally, during
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the experiment, 3.2 mg of CO2 was captured per g of sequestraton agent and minute, which is a rato that is
more than two-fold that obtained for portlandite-rich slurry.
This frst approach to the CO2-sequestraton experiments showed a promising efciency for the synthetc
calcium  silicate  synthesised  from  two  non  CO2-reactve  precursors,  even  when  compared  with  highly
reactve calcium-rich industrial by-products. 
Conclusions
In this work, three diferent routes based on industrial by-products have been proposed for calcium silicate
synthesis.  Larnite,  a major component of cement,  wollastonite,  and calcium silicate chloride (Ca2SiO3Cl2,
scarcely  reported  in  the  literature)  were  synthesised.  These  results  were  obtained  with  lower  power
consumpton,  considering  the process  globally.  All  of  the proposed synthesis  routes  can  be  considered
improvements for calcium silicate producton and an industrial by-product recycling process. This fact must
permit saving energy in related industrial sectors and the reducton of the carbon footprint of the industrial
process, in additon to the beneft of using residues as precursors.
Furthermore,  these silicates  have been  successfully  tested as  CO2 sequestraton agents.  These samples
proved  to  be  efcient  even  under  the  simplest  experimental  set-up  for  an  industrial  scale-up  of  CO2
sequestraton  under  ambient  conditons.  Developing  these  technological  improvements  implies  a
consequent reducton of emited gasses and sustainable and environmentally friendly industrial processes.
Finally, the by-products of carbonaton of the silicates are also materials with added value since they can be
used as raw materials for other industrial processes, such as, for example, cement synthesis.
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